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ABSTRACT 
Thioamides are important biophysical probes of peptide folding, but are prone to α-C epimerization during 
Fmoc solid-phase peptide synthesis. The stereochemical integrity of thioamide-containing peptides can 
be dramatically improved by protecting the thioamide as a thioimidate during synthesis. A drawback of 
this approach, however, is that once synthesis of the peptide is complete, regeneration of the thioamide 
requires the toxic, corrosive, and flammable gas H2S. This work examines several approaches to 
supplant H2S as a deprotection reagent in favor of a safer and more convenient alternative. Ultimately, a 
new application of the 4-azidobenzyl protecting group to thioamides was found to provide the most 
suitable means of both protection of α-C stereochemistry and conversion back to thioamide. 
 
INTRODUCTION 
Thioamides mimic the shape and structure of peptide bonds but present different electronic and 
hydrogen-bonding properties—making thioamides important biophysical probes of peptide structure and 
function.1, 2 For example, thioamides have been employed to interrogate hydrogen-bonding in α-helices 
and β-turn structures,3-5 as well as n→π* interactions between peptides bonds across amino acids (i → i + 
1).6-8 Further, thioamides have been applied in photochemical isomerization schemes,9, 10 and can serve 
as quenchers of fluorescent probes to study peptide folding.11-15 Moreover, thioamides are increasingly 
being discovered in natural products.2 Thus, methods to incorporate thioamides into peptides via Fmoc 
solid-phase peptide synthesis (SPPS) are immensely valuable. 
 Thioacylating reagents have been developed that allow for the coupling of thioamide residues at 
seemingly any position in a peptide sequence.16, 17 Unfortunately, the stereochemical integrity of the 
resulting peptide is at risk because the α-C of the thioamide is susceptible to deprotonation and 
epimerization during Fmoc-deprotection of the N-terminal amine.18-20 The stereochemical integrity of the 
thioamide amino acid therefore further degrades during subsequent coupling and Fmoc-deprotection of 
subsequent amino acids.21 This limitation in stereochemical stability constrains the peptide sequence 
space in which thioamide probes can be implemented. 
We recently demonstrated a robust method to synthesize thioamide-containing peptides with high 
stereochemical integrity.18 The method relied upon protecting the thioamide (1) as a thioimidate (2), which 
significantly reduced epimerization at the α-C (Scheme 1). The thioimidate could then be converted back 
to the thioamide using H2S after SPPS was complete.  
 
Scheme 1. Reversible protection of thioamide residue stereochemistry 
 
 
While this strategy can be easily implemented within normal SPPS methodology, the use of H2S 
is problematic because it is highly toxic, corrosive, and flammable.22, 23 Additionally, it is a gaseous 
reagent which can be inconvenient to transfer and manipulate. We therefore sought to identify safer and 
more convenient conditions that involved solid or liquid reagents as opposed to gaseous ones. 
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RESULTS AND DISCUSSION 
We initially investigated NaSH as an alternative to H2S that can be easily weighed and transferred. We 
tested the potential for conversion of thioimidate back to the thioamide using a model test dipeptide (3→4, 
Scheme 2a).  
Scheme 2. Deprotection with NaSH. 
 
μ = Nε-(7-methoxycoumarin-4-acetamide)-L-lysine 
 
Our initial results were promising, as conversion to thioamide 4 was complete within minutes 
(Figure S4). Unfortunately, when we attempted the NaSH conditions with a thioimidate peptide (5) on 
solid phase, we observed small amounts of epimerization of the final peptide (5→6, Scheme 2b, Figure 
S5), which negated the efficacy of the thioimidate protection strategy. This result was likely due to the 
strongly alkaline nature of NaSH.24 Additionally, because NaSH (and Na2S) are hygroscopic and typically 
sold as hydrates, we surmised that small amounts of hydroxide may be responsible for a background 
epimerization of the liberated thioamide as well. Ultimately, we deemed NaSH as a non-ideal reagent for 
the purposes of thioimidate deprotection for the following reasons: (i) NaSH is still a corrosive chemical. 
(ii) While NaSH is a solid, it readily generates H2S. (iiI) Solutions of NaSH in DMF are turbid and can clog 
fritted SPPS reaction vessels. (iv) Finally, while it may be possible to identify ‘on-resin’ conditions that 
would allow for the rate of conversion of thioimidate back to thioamide to outcompete the rate of 
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background epimerization, such conditions would be sequence-dependent and introduce time-intensive 
optimization steps that would undermine the generality of this approach.   
We next considered using a different alkylating agent (7)25 of the thioamide, instead of MeI, that 
could be cleaved via alternative conditions (Scheme 3). We hypothesized that the 4-azidobenzyl group in 
8 would allow for an alternative mechanism of deprotection through reduction of the azide to an amine, 
followed by spontaneous aza-quinone methide elimination to give the liberated thioamide (8→9→4).26 
 
Scheme 3. Azido-benzyl protecting group. 
 
 
We initially investigated the Staudinger reduction of the azide using PPh3 and water as conditions 
for deprotection to give thioamide 4 (Table 1, entry 1).27 While the reaction with PPh3 consumed the 
starting material (8, Figure S6) , subsequent hydrolysis of the aryl-iminophosphorane (Ar–N=PPh3) was 
ineffective in neutral water as reported in literature.28 Alternatively, weak acid conditions at this stage 
successfully catalyze hydrolysis of iminophosphorane to amine (Ar–N=PPh2 → Ar–NH2 + O=PPh3) and 
cleanly liberated the thioamide (Table 1, entry 2, Figure S7).26  
Although the weak-acid conditions in entry 2 can be used with amide resins to deprotect the 
thioamide but leave the peptide still attached to resin, with so-called super-acid-sensitive resins (e.g., 2-
chlorotrityl resin), the weak-acid conditions of entry 2 would cleave the peptide from the resin. Therefore, 
we sought to also identify neutral conditions for deprotection of the thioamide that would be compatible 
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with super-acid-sensitive resins. Thus, we investigated reduction of the aryl azide using dithiothreitol 
(DTT).26, 29 Accordingly, DTT gave the expected thioamide in excellent yield (Table 1, entry 3, Figure S8).  
 
Table 1. Conditions for reductive release of thioamide (8→4) 
entry conditions yield of 4 (from 8) % 
1 PPh3, THF, H2O (1:1) 0 
2 PPh3, THF, H2O (1:1) 
then AcOH (0.5 M) 
quant. 
3 dithiothreitol (DTT), DMF 97 
 
 To determine if the azidobenzyl thioimidate would be a viable protecting group during SPPS, we 
synthesized the short sequence F(S)AKFG (10) from 2-chlorotrityl resin using established thioacylating 
agents (Figure 1).16 Thioamide-containing peptide 10 was protected as the thioimidate 11 using 
conditions that are compatible with solid-phase methodology. (We surmise that the broadened peak 
shape for 11 is due to interconverting isomers of the thioimidate (12 ⇌	13). This kind of rotational 
isomerism is visible in the NMR spectra of model dimer 3 in Scheme 2 above (Figure S1)). From 11, 
SPPS could in principle proceed normally to elongate the peptide, while the thioimidate moiety in 11 
guards against epimerization of the thioamide residue. Finally, once the sequence was complete, the 
thioamide could be cleanly restored without cleavage from the resin, as demonstrated by the conditions 
from entry 3 of Table 1 (Figure 1, 11→10). 
 
 
 
Figure 1. Demonstration of the interconversion between thioamide and thioimidate on-resin. The reaction 
can be performed using standard peptide-synthesis reaction vessels and was tracked using HPLC and 
ESI-MS. 
 
The stability of azides during SPPS is well-documented.30-34 However, we wanted to confirm that 
thioimidates related to 8 would display the same enantiomeric stability during SPPS that has previously 
been demonstrated for 3.18 The Fmoc-deprotection step of the SPPS procedure requires piperidine and is 
chiefly responsible for epimerization of the α-C stereocenter of the thioamide amino acid.18-20  
As seen in Figure 2, the thioamide dipeptide 4 is very sensitive to epimerization with piperidine. 
Conversely, both the methyl thioimidate dipeptide and the thioimidate bearing the azidobenzyl group 
withstand epimerization to the same extent. 
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Figure 2. Epimeric stability of 8 and 3 with piperidine compared to 4. Solutions of each compound (0.1 M) 
in DMF with 20% piperidine (v/v) were prepared and the total epimerization was tracked relative to 1,3,5-
trimethoxybenzene as internal standard.  
 
CONCLUSION 
We report a new application of the 4-azidobenzyl protecting group to preserve the stereochemical 
integrity of thioamides during SPPS. Thioamides along the peptide backbone are prone to epimerization 
during the Fmoc-deprotection step of standard SPPS methodology. Protection of thioamides as 
thioimidates using the 4-azidobenzyl protecting group was shown to significantly curtail epimerization.  
Critically, the 4-azidobenzyl thioimidate can be converted back to the thioamide once peptide synthesis is 
complete using relatively safe reagents (PPh3 or DTT). These safer deprotection conditions supplant the 
use of the toxic, corrosive, and flammable gas H2S as the preferred method to liberate alkyl-protected 
thioimidates. We anticipate that the methods described here can be immediately applied to SPPS 
methodologies for the implementation of thioamide biophysical probes in peptides.  
 
EXPERIMENTAL SECTION 
General Information. Silica gel (40 μm) was purchased from Grace Davison. All chemical reactants and 
reagents were purchased from commercial vendors and used without prior purification. Solvents were 
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purchased from Fisher Scientific, and THF, DCM, and DMF were dried via Glass Contours solvent 
system. NMR Spectroscopy: 1H and 13C NMR spectra for all compounds were acquired in deuterated 
solvents (as indicated) on a Bruker Spectrometer at the field strengths reported in the text. The chemical 
shift data are reported in units of δ (ppm) relative to residual solvent. Liquid Chromatography: Peptide 
analysis was accomplished on a Waters Acquity UPLC System with UV detection and a BEH C18 column 
1.7 µm. UPLC solvents were water with 0.1% formic acid or acetonitrile with 0.1% formic acid. All flow 
rates were held contant at 0.450 mL/min. For larger peptides and final analysis, a Waters HPLC System 
was used. Detection was acquired using a  Photodiode Array Detector and a SunFire C18 column 5 µm. 
HPLC solvents were water with 0.1% TFA and acetonitrile with 0.1% TFA. All flow rates were held 
constant at 1.00 mL/min. Mass Spectrometry: Masses of compounds were measured by LRMS (ESI) via 
a Waters Acquity QDa Detector. HRMS data was collected via an Agilent QTOF 6540 MSMS with ESI 
ionization. Chemical formulas found from HRMS data were obtained via Agilent MassHunter software 
equipped with the HRMS QTOF.  
Synthesis of 8. Compound 4 (500 mg, 1.25 mmol) was dissolved in acetone and p-azido-benzylbromide 
(265 mg, 1.25 mmol) and potassium carbonate (518 mg, 3.75 mmol) were added. The mixture was 
heated to 40 oC overnight and monitored via TLC until completion. The mixture was filtered, and the 
filtrate was concentrated in vacuo. The residue was purified via silica-gel chromatography (1:5  ethyl 
acetate:hexane) to yield the 8 as a yellow oil (398 mg, 60% yield). The 1H NMR (400 MHz, Acetone-d6) 
spectrum (Figure S1) was assigned where possible. Rotomeric isomerism about the thioimidate is 
signified by (*). ESI-HRMS [M+H+] calc: 532.2013; Obs: 532.2010; Molecular Formula: C28H29N5O4S. A 
UPLC ESI LRMS indicates a single pure compound (Figure S3). 1H NMR (400 MHz, Acetone-d6) δ 1.05 
(d, J = 6.6 Hz, 1.68H, H26), 1.21 (d, J = 6.8 Hz, 3H, H26), 3.02 (m, 2.27H, H14), 3.18 (dd, J = 5.9 Hz, 
13.5 Hz, 0.99H), 3.61 (s, 2.5H, H30), 3.65 (s, 2.05H overlap, H30), 4.15 (d, J = 13.7 Hz, 1.56H), 4.36 (s, 
1.58H, H23), 4.44 (q, J = 6.8 Hz, 0.94H, H25), 4.52 (q, J = 6.6 Hz, 0.57H, H25*), 4.94 (dd, J = 6.5 Hz 
14.88, 0.99H), 5.01 (H7, 2.1H, s), 5.09 (H7*, 1.8H, s), 6.52 (d, J = 8.5 Hz, NH, 0.89H), 6.89 (d, J = 7.1Hz, 
NH*, 0.49H), 7.02 (m, 3H), 7.35 (m, 18H). 13C NMR (100 MHz, acetone-d6) δ 172.1, 172.0, 168.4, 165.2, 
155.6, 155.2, 139.2, 138.3, 137.3, 137.1, 136.7, 136.3, 133.7, 130.9, 130.7, 129.9, 129.4, 128.5, 128.4, 
128.3, 128.1, 127.8, 127.7, 127.7, 126.9, 126.5, 119.3, 118.7, 65.9, 59.6, 58.2, 55.8, 53.7, 51.4, 39.5, 
38.7, 34.7, 32.0, 20.1, 18.9, 17.3, 13.8. 
SPPS Procedures. Peptides were synthesized in the following manner: Fmoc-Gly-Chlorotrityl resin was 
swelled in DMF for 10 minutes in a ChemGlass Peptide Synthesis Vessel using nitrogen as an agitator. 
Solvents were removed from the vessel using vacuum.  
Fmoc-deprotection steps were carried out using 20% piperidine in DMF for 1 minute followed by a 
treatment of fresh reagent solution for 2 minutes. The resin was then washed 5x for 30 seconds each with 
dry DMF.  
Coupling steps were carried out by pre-activating 5.0 eq of Fmoc-Xaa-OH with 4.9 eq HATU and 10.0 eq 
of NMM (relative to moles of peptide on-resin) in DMF at an approximate concentration of 0.2 M 
concentration. Each coupling step was agitated with nitrogen gas for 5 min. Once complete, the resin was 
washed 3x for 30 seconds each with dry DMF. 
Addition of the thioamide was achieved by dissolving 2 eq of a previously reported3, 4 thioacylating agent 
(Fmoc-Xaa(S)-Nbt) in dry DCM with DIEA (2 eq) at an approximate concentration of 0.1 M. This solution 
was agitated with the resin using nitrogen gas for 30 min. This procedure was repeated a second time. 
Following completion of the coupling steps, the resin was washed with dry DCM 3x for 1 min.  
Thioamide protection was achieved with 0.4 M of 7 or 0.4 M MeI and 0.05 M DIEA in dry DMF. The resin 
was agitated for 6 h on rotary mixer and drained of solvent. Fresh reagent (0.4 M 7 or 0.4 M MeI and 0.05 
M DIEA in dry DMF) was added and the resin was agitated for an additional 6 h on a rotary mixer. The 
reaction can be monitored by cleaving a small amount of resin with 20% HFIP/DCM and checking via 
UPLC.  
Peptide cleavage. Upon completion of the sequence, 30:70 TFA/DCM is used to cleave the peptide for 15 
minutes. Post TFA cleavage, peptide solution is transferred to a conical tube and TFA was removed by 
blowing dry N2 over the solution. Cold diethyl ether is added, forming a white precipitate and the peptide 
was centrifuged at 10,000 rpm for 10 minutes. Waste diethyl ether is decanted and fresh cold diethyl 
ether is added and the mixture was centrifuged again. The white precipitate was analyzed by HPLC and 
MS.  
Deprotection of 3 with NaSH. Thioimidate 3 was was dissolved in degassed DMF (0.1 M) and was 
added to a solutino of NaSH in degassed water such that the final solution was 20% water and 1 M 
NaSH. The reaction was monitored by UPLC (Figure S4) using 1,3,5-trimethoxybenzene as an internal 
standard. 
Deprotection of 5 with NaSH. Peptide 5 on resin was agitated with 0.4 mL of 0.3 M NaSH hydrate in 
DMF for 1 h. The reaction was analyzed by HPLC-MS following cleavage from the resin as described 
above and compared to peptide that had been prepared with authentic D-phenylalanine (Figure S5). 
Deprotection of 8 with PPh3. Thioimidate 8 (5 mg, 0.01 mmol) and PPh3 (2.5 mg, 0.01 mmol) were 
dissolved in 0.1 mL THF:H2O (1:1) and phenanthrene was added as an internal standard at 0.004 M. 
After 30 min the reaction was analyzed by ESI-LRMS and no product (4) was detected. Instead, a 
prominent mass peak corresponding to the iminophosphorane reduction product (Figure S6) was 
detected as described. Hydrolysis of the iminophosphorane was achieved by adding 0.1 mL of 1 M AcOH 
in THF:H2O (1:1) to the reaction. After 5 min, UPLC analysis of the reaction (Figure S7) revealed that 4 
was produced in quantitative yield.  
Deprotection of 8 with DTT. Thioimidate 8 (50 mg, 0.1 mmol) was dissolved in 1 mL DMF and 
phenanthrene was added as an internal standard at 0.004 M. Dithiothreitol (DTT) (72 mg, 0.45 mmol) was 
added and the reaction was monitored by TLC for 1h until completion. After 1 h the reaction was analyzed 
by UPLC (Figure S8) to reveal that 4 was produced in 97% yield. 
Thioamide protection (10→11) was achieved with 0.4 M of 7 or 0.4 M MeI and 0.05 M DIEA in dry DMF. 
The resin was agitated for 6 h on rotary mixer and drained of solvent. Fresh reagent (0.4 M 7 or 0.4 M 
MeI and 0.05 M DIEA in dry DMF) was added and the resin was agitated for an additional 6 h on a rotary 
mixer. The reaction can be monitored by cleaving a small amount of resin with 20% HFIP/DCM and 
checking via HPLC (Figure S10 and S11).  
Azide reduction of 11 to regenerate the thioamide 10. was achieved by placing resin in a fritted funnel 
with 0.5 M DTT and 0.1 M DIEA in dry DMF for 2 h on a rotary mixer. The reaction progress was 
monitored by cleaving the peptide (with side chain protection still intact) using 20% HFIP/DCM (Figure 
S12). 
Determination of epimerization (Figure 2). Each compound (3, 4, or 8) was dissolved in 0.1 mL of dry 
DMF at a concentration of 0.1 M along with an equimolar amount of 1,3,5-trimethoxybenzene as an 
internal standard. To each vial was then added 0.2 mL of a solution of 60% piperidine in dry DMF to a 
final volume of 0.3 mL, where the final concentration of compounds 3, 4, or 8 and 1,3,5-
trimethoxybenzene was 0.03 M and the final concentration of piperidine was 20%. The reactions were left 
to stir and 10 µL aliquots were taken at each timepoint and diluted to 1 mL with MeOH in a UPLC vial. 
Each diluted aliquot was then injected into the UPLC and peak areas were used to determine epimeric 
percentages in the reaction.  
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